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Fig.	  3	  Treatments	  will	  test	  management	  
pracSces	  likely	  to	  reduce	  nitrate	  leaching	  
and	  be	  adopted	  by	  growers 
What	  farming	  prac6ces	  are	  effec6ve	  at	  reducing	  nitrate	  
leaching	  to	  groundwater?	  
Hypothesis:	  use	  of	  slow	  release	  
N	  and	  split	  N	  applica6on	  will	  
increase	  N	  use	  efficiency	  
Hypothesis:	  peas	  in	  
rota6on	  will	  take	  up	  
water	  and	  require	  liDle	  
or	  no	  N	  fer6liza6on	  	  
Rising	  levels	  of	  nitrate	  in	  groundwater	  threaten	  human	  health	  and	  downstream	  ecosystems.	  
In	  the	  Judith	  River	  Watershed,	  Montana,	  groundwater	  nitrate	  concentra:ons	  frequently	  
exceed	  10	  mg	  L-­‐1,	  and	  may	  be	  increasing	  due	  to	  agricultural	  prac:ces	  on	  thin	  soils	  overlying	  
shallow,	  unconfined	  aquifers	  with	  short	  groundwater	  residence	  :mes.	  Previous	  extension	  
and	  research	  ac:vi:es	  in	  the	  watershed	  have	  provided	  key	  data	  and	  established	  working	  
rela:onships	  with	  local	  stakeholders,	  but	  adop:on	  rates	  of	  water	  quality	  best	  management	  
prac:ces	  (BMPs)	  have	  been	  low.	  With	  this	  project,	  we	  undertake	  a	  par:cipatory	  approach	  
that	  engages	  agricultural	  producers	  and	  stakeholders	  to:	  	  
(1)	  Be]er	  understand	  the	  sources	  of	  nitrate	  in	  groundwater	  and	  surface	  water;	  
(2)	  Iden:fy	  effec:ve	  management	  strategies	  for	  reducing	  nitrate	  leaching;	  and	  
(3)	  Engage	  the	  local	  community	  for	  increased	  adop:on	  of	  effec:ve	  prac:ces.	  	  
Introduc6on	  















































































































Farm Practices by Judith River Watershed Wheat Growers Profile of Respondents 
  
Manage any cropland 69% 
  




Other livestock 3% 
  
Winter wheat 43% 
Spring wheat 28% 
Any wheat 47% 
Other grains 28% 
Forages 78% 
  
Commodity providing most 





Preliminary	  survey	  results:	  Dryland	  wheat	  produc6on	  in	  the	  Judith	  
Fig.	  1	  (a)	  Judith	  River	  Watershed	  (right)	  with	  geologic	  units,	  topography,	  
and	  aerial	  photography	  of	  the	  QT	  gravels	  showing	  dominant	  agricultural	  
use;	  (le1)	  alluvial	  fill	  near	  Moore.	  	  
Judith	  River	  Watershed:	  agricultural	  land	  management	  over	  shallow,	  unconfined	  aquifers	  
Fig.	  2	  Globally,	  
human	  alteraSon	  of	  
the	  N	  cycle	  for	  food	  
producSon	  adds	  at	  
least	  15	  Tg	  N	  y-­‐1	  to	  
groundwater	  
(Pucke]	  et	  al.,	  
2011).	  Due	  to	  
probable	  soil	  and	  
groundwater	  
residence	  Smes,	  the	  
effect	  of	  this	  influx	  
on	  downstream	  
water	  quality	  will	  
not	  be	  recognized	  
for	  decades	  (Canfield	  
et	  al.,	  2010).	  
A	  case	  study	  of	  human	  modifica6on	  of	  the	  nitrogen	  cycle	  



















































Monitoring well M-1 near Moccasin 
Nitrate	  source	  aDribu6on	  
Nitrogen	  Isotope	  Ra:os	  (δ15N)	  will	  be	  used	  
to	  discern	  among	  sources/pathways	  
•  Air	  	   	   	   	   	  0‰	  	  
•  Ammonium	  Fer:lizer:	   	  -­‐5	  to	  +5‰	  
•  Soil	  Organic	  Ma]er:	   	  +2	  to	  +8‰	  	  
•  Sedimentary	  Rock: 	   	  +2	  to	  9‰	  	  
•  Manure:	   	   	   	  +10	  to	  +22‰	  	  





Moore	  alluvial	  fan	   Stanford	  terrace	  
Fig.	  4	  (a)	  LocaSon	  of	  landforms	  selected	  for	  
study	  with	  associated	  nitrate-­‐N	  concentraSons	  
in	  surface	  water	  and	  groundwater;	  (b)	  
conceptual	  model	  of	  landform	  influence	  on	  
shallow	  aquifers	  in	  the	  JRW.	  
(a)	  
(b)	  
dispersed	  recharge	  to	  landform	  surface	  
flow	  that	  bypasses	  landform	  (to	  surface	  water	  or	  deep	  confined	  aquifer)	  
mountain	  front	  stream	  recharge	  to	  shallow	  aquifer	  
Fig.	  7	  Salt	  
accumulaSon	  and	  
leaching	  with	  
periodic	  rise	  in	  
water	  table	  








rising	  water	  table	  
increased	  leaching	  
Hypothesis:	  Landform	  posi6ons	  with	  greater	  depth	  to	  perched	  aquifer	  
exhibit	  less	  frequent	  nitrate	  delivery	  to	  groundwater	  and	  greater	  nitrate	  
accumula6on	  in	  the	  vadose	  zone.	  
(a)	  average	  condi:ons/growing	  season	  
(b)	  elevated	  water	  table	  in	  shallow	  unconfined	  aquifer	  
during	  spring	  with	  MFS	  connec:on	  or	  high	  water	  year	  
Approach	  
•  Ac:ve	  par:cipa:on	  of	  growers	  and	  stakeholders	  in	  research	  (above)	  
•  Plot	  scale	  study	  of	  management	  effects	  (Fig	  3)	  
•  Groundwater	  dynamics	  using	  landform	  scale	  modeling	  (ModFlow	  	  
with	  GMS	  interface)	  and	  targeted	  well	  tes:ng	  (Fig	  4)	  
•  Nitrate	  source	  a]ribu:on	  using	  tracers	  of	  origin	  &	  pathway	  (Fig	  5)	  
•  Farmer	  survey	  of	  300	  growers	  (Fig	  6)	  
•  Strategic	  soil	  sampling	  and	  monitoring	  for	  nitrate	  and	  water	  	  
distribu:on	  with	  depth	  (Fig	  7)	  
•  Watershed	  scale	  implica:ons	  using	  periodic	  nested	  sampling	  of	  	  




Fig.	  1	  (b)	  Rising	  nitrate-­‐N	  concentraSons	  (green	  
symbols)	  in	  a	  monitoring	  well	  near	  Moccasin	  are	  
largely	  independent	  of	  water	  level	  (blue	  line).	  
NO3-­‐	  
N2	  (aq)	  
NHB	  is	  industrially	  fixed	  
“Haber-­‐Bosch”	  N.	  
Hypothesis:	  Shallow	  aquifers	  lacking	  mountain	  front	  stream	  connec6on	  will	  have	  higher	  
nitrate	  concentra6ons	  due	  to	  recharge	  dominated	  by	  dispersed	  infiltra6on	  through	  soils.	  
Hypothesis:	  Soil	  organic	  maDer	  and	  
fer6lizer	  are	  the	  dominant	  sources	  of	  
nitrate	  in	  groundwater	  and	  surface	  water.	  
Expected	  outcomes	  
Candidate	  sources:	  
1.  sedimentary	  rocks	  
2.  soil	  organic	  ma]er	  
3.  fer:lizer	  
(a)	  Groundwater	  N	  sources	  
(b)	  Water	  and	  nitrate	  with	  management	  
Fig.	  5	  (a)	  Hypothesized	  trends	  in	  groundwater	  N	  sources	  with	  Sme;	  (b)	  seasonal	  water	  and	  nitrate	  
trends:	  lei	  axis	  reflects	  measured	  rainfall	  and	  esSmated	  evapotranspiraSon	  (ET),	  right	  axis	  reflects	  
esSmated	  ferSlizer	  nitrate	  release	  for	  four	  management	  pracSces	  
Methods	  
Groundwater	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1.   Nitrate	  sources:	  Lithologic	  sources	  <<	  soil	  organic	  ma]er	  and	  fer:lizer	  
2.   Landform	  hydrologic	  connec6on:	  MFS	  recharge	  aquifers	  have	  be]er	  mixing,	  shorter	  residence	  :mes,	  
water	  levels	  driven	  by	  mountain	  snowmelt	  :ming	  and	  lower	  nitrate	  
3.   Landform	  geometry:	  A	  thicker	  unsaturated	  zone	  leads	  to	  less	  nitrate	  delivery	  to	  groundwater	  	  
4.   Landfrom	  age:	  	  Soil	  texture	  and	  structure	  will	  influence	  solute	  leaching/accumula:on	  rates;	  cement	  gravels	  
(opal	  and	  other	  pedogenic	  salts)	  result	  in	  perched	  vulnerable	  aquifers	  
5.   Fer6lizer	  6ming:	  Slow	  release	  &	  split	  applica:on	  	  reduced	  nitrate	  leaching	  
6.   Crop	  rota6on:	  Peas	  rather	  than	  fallowing	  	  reduced	  nitrate	  leaching	  
